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Abstract—The number of (hybrid) electric vehicles is growing,
leading to a higher demand for electricity in distribution grids.
To investigate the effects of the expected peak demand on
distribution grids, a stress test with 15 electric vehicles in a
single street is conducted and described in this paper. The test
is conducted in a neighbourhood where both transformers and
households are equipped with measurement devices. A significant
maximum power consumption increase (more than double) is
observed at one transformer when both the electric vehicles and
domestic loads stress the network. The observed voltage drop
in the network is 17V. Analysis further shows that the hosting
capacity is around 15%-20% for the investigated networks and
that under voltage is unlikely to occur. The measurements
are compared to a simulation and the results show that the
simulations predict the actual measurement accurately.

Index Terms—Electric vehicles, power distribution, power
quality, demand side management

I. INTRODUCTION

The Dutch government plans to increase the market share
of electric vehicles (EVs) and plug-in hybrid electric vehicles
(PHEVs) in the upcoming years [1]. They target to have
250.000 EVs on the road by 2020 and 1 million by 2025.
Currently, a total of 7.9 million cars are on the Dutch roads
(471 cars per 1000 inhabitants [2]). With these figures, the pen-
etration of (PH)EVs will be approximately 12.5% on average
by 2025. In certain neighbourhoods with a high percentage
of commuters, one can expect to see a significantly higher
penetration.

As EVs may require a couple of hours to fully charge their
battery, a high peak demand in low voltage (LV) and medium
voltage (MV) distribution networks is expected due to a high
simultaneity factor. This can lead to transformer overloading,
fuses tripping and severe voltage drops. Especially in small vil-
lages in rural areas, where most people rely on transportation
by car to commute and will charge their car at home, these
problems can be expected. In previous work, we conducted
simulations to investigate the effects of such peak loads on
distribution networks [3], [4].

In this paper we investigate these effects on the LV distribu-
tion grid and transformers in a real world stress test with a total
of 15 (PH)EVs. Hereby, measurements from both households
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and transformers are available. With this test, we want to
answer the question whether the Dutch distribution grids are
able to handle the envisioned penetration of EVs. Furthermore,
the achieved results are used to verify the developed simulation
models.

The remainder of this paper is structured as follows: Section
II covers background information. Section III gives details of
the setup of the stress test, followed by the stress test results
in Section IV. Simulation models of the network are verified
in Section V. A broader discussion of the observations and its
implications are given in Section VI. Finally, conclusions and
future work are presented in Sections VII and VIII.

The main contributions of this paper are:
• Presentation of measurement data of a peak load in

an existing distribution network resulting from a high
penetration of EVs;

• Evaluation of the impact of a high penetration of EV in
existing, non reinforced, networks;

• Validation of network models and load-flow calculations.

II. BACKGROUND

Multiple EV integration projects exist as surveyed in [5].
In simulations by [6] it is shown that, without charging coor-
dination, a high penetration of EV can cause congestion and
voltage problems in distribution grids. However, to the best
of the authors knowledge no real-life EV charging stress tests
in existing (non reinforced) distribution grids are available in
literature.

Demand side management (DSM) methodologies, such as
presented in [7], can steer the charging process of EVs and
PHEVs to resolve congestion on the transformer level [8]–[11].
Network models and load-flow calculations can further im-
prove the benefits from DSM methodologies [3], [4]. However,
a clear legal framework is required for distribution service
operators (DSOs) to act on markets and use DSM methodolo-
gies to resolve the congestion problems. Such frameworks are
proposed in [12], [13]. Currently, within the USEF framework
[13] the need and benefits of flexibility for DSOs is discussed.

For existing distribution grids, especially in places where
the penetration of EVs is expected to grow, it is therefore
important to determine the point at which the DSO should
have the ability to control charging of EVs to ensure grid
stability as a cost-effective alternative to conventional network



TABLE I
TEST SITE DETAILS

Feeder
1 2 3 4

Transformer 1 2 3 3
Fuse 125A 160A 125A 125A

Houses 8 81 20 46
Max. length 190m 700m 290m 600m
# (PH)EVs 0 2 5 8

Fast chargers 0 1 1 1

reinforcements. With the stress test presented in this work we
investigate whether the trends observed in simulation models
also occur in a real network.

III. STRESS TEST SETUP

The test site consists of an existing distribution network in
a Dutch neighbourhood in the town of Lochem. This neigh-
bourhood is one of 12 test sites in the Netherlands to evaluate
smart grid technologies and this test site focuses particularly
on electric mobility, integration of PV and application of DSM
strategies. In this test site three transformers provide mea-
surement data of power flows, currents, voltage magnitudes
and phase angles at minute intervals. Furthermore, the power
consumption of 83 households is recorded each second, of
which 33 also provide RMS voltage magnitudes. The focus of
the presented experiment is on the three LV feeders which have
a 22kW (3×32A) fast charger installed. These feeders are fed
by two metered transformers and mainly consist of aluminium
conductors with cross sections of 150mm2 and 95mm2. The
impedance of these cables is respectively 0.206 + j0.079Ω
and 0.320 + j0.082Ω. Transformers 2 and 3 have a capacity
of 400 kVA and are secured with a 630A fuse on the secondary
side to protect the transformer. Each feeder is also individually
protected by a fuse as reported in Table I. Although the ampere
capacity is far lower than the capacity of the feeders (225A),
the fuses can sustain a 25% higher load for approximately 3
hours.

The test method for the stress test is as follows. The test
starts by measuring the normal network situation at 19:00.
Then three EVs start charging at the three fast charging poles
around 19:15. Twenty-five minutes later, the remaining 12
EVs and PHEVs start to charge at households connected to
the three feeders of interest (those with a fast charger). Both
charging stations (3.7kW, 1×16A) and domestic wall sockets
(2.3kW, 1 × 10A) are used. To further stress the network,
the test concludes with switching on additional electric loads
such as electric ovens and heat pumps around 20:00. The used
fleet for the stress test consisted of 8 EVs and 7 PHEVs.
The characteristics of the test site and the stress test are
summarized in Table I.

Note that of the four feeders, the second, third and fourth
are of interest. The third feeder shows a higher penetration
of EVs (25%). The second feeder already shows a high peak
demand with the 81 connected households and is rather long
with its 700m, and therefore relatively weak. The fourth feeder

is a more realistic feeder with its 600m and 46 customers,
resulting in a 17.4% penetration of EV.

IV. RESULTS

This section describes the measurement data obtained dur-
ing the stress test and the conclusions that can be drawn from
the observations. Firstly the measurement data obtained at
the transformer is analysed in Subsection IV-A. Secondly the
measurement results obtained at households is discussed in
IV-B.

A. Transformer measurements

To be able to draw conclusions from the stress test on
the transformer, we are mostly interested in the difference
between the stress test and normal days. Hereby, the load on
the transformers and insight in which part of the network will
most likely result in a bottleneck for integration of EV is of
particular interest. Analysis on the voltage levels, power factor
and transformer oil temperature are also conducted.

To evaluate the results of the stress test on the transformer
level, we need the general profile of the feeders of interest.
For this, the measurements of 26 days of data after the stress
test were taken and grouped in bins by the hour of the day.
For each hour of the day the mean power consumption during
that hour was obtained, as well as the standard deviation (σ)
and minimum and maximum value. These results are depicted
in Fig. 1 and 3, which also show the measured profile during
the day of the stress test. As the stress test reached its peak
consumption just after 20:00, the overall statistics in the bin
of 20:00-21:00 are given in Tables II, III and IV. The same
method was applied to the voltage profiles at the transformers,
which are shown in Fig. 4 and 6. For the mean voltage, the
average voltage in the three phases was used.

TABLE II
POWER STATISTICS OF FEEDER 2 IN TIME FRAME 20:00-21:00

Phase

L1 L2 L3 Total
Mean 16.52kW 19.60kW 18.10kW 54.23kW

Mean+σ 20.11kW 22.87kW 21.09kW 61.04kW
Max 29.96kW 30.83kW 28.37kW 81.28kW

Stress Mean 20.13kW 29.01kW 23.43kW 72.58kW
Stress Mean+σ 27.00kW 36.43kW 27.60kW 89.95kW

Stress Max 33.41kW 42.70kW 31.99kW 105.89kW

TABLE III
POWER STATISTICS OF FEEDER 3 IN TIME FRAME 20:00-21:00

Phase

L1 L2 L3 Total
Mean 7.69kW 5.18kW 6.49kW 19.64kW

Mean+σ 10.04kW 6.54kW 8.55kW 22.66kW
Max 16.95kW 10.86kW 14.32kW 29.70kW

Stress Mean 12.50kW 16.32kW 9.56kW 38.38kW
Stress Mean+σ 16.46kW 21.53kW 12.51kW 51.07kW

Stress Max 21.15kW 27.25kW 17.91kW 65.20kW



TABLE IV
POWER STATISTICS OF FEEDER 4 IN TIME FRAME 20:00-21:00

Phase

L1 L2 L3 Total
Mean 10.76kW 12.38kW 13.55kW 36.69kW

Mean+σ 12.36kW 13.88kW 16.12kW 40.42kW
Max 16.42kW 16.81kW 22.73kW 49.27kW

Stress Mean 19.47kW 16.57kW 28.6kW 64.73kW
Stress Mean+σ 23.27kW 19.66kW 21.29kW 73.82kW

Stress Max 23.80kW 21.81kW 31.72kW 75.68kW

Fig. 2 shows the power consumption on the three phases for
two measured feeders. The 22kW (3×7360W) increase of the
EVs being connected to the fast charging poles around 19:15
is clearly visible. The peak aggregated power consumption of
all three phases for feeder 2 is 106kW, which is an increase
of almost 25kW over the peak observed on other days and
nearly twice the average power consumption for this feeder.
In feeder 3 we observe that the power consumption is more
than doubled, where the peak power consumption is 2.2 times
higher. This feeder does not get close to the limits as this
feeder is relatively strong with respect to the number of
connected customers. The fourth feeder drew a maximum of
76kW also twice the average load in this time frame and is
53.6% more than the maximum normally observed.

One of the phases of the second feeder imported up to
42.7kW (185.7A) from the grid. This indicates that the current
in this phase is close at the capacity limits of the cable (at
82.5% of the rated capacity) and the 200A that the fuse can
sustain for approximately 3 hours. All feeders also have a
significant unbalanced load. For the second and the third feeder
the load on one phase is approximately 10kW higher than
on the two other phases. For the fourth feeder these figures
are even worse as phase L3 drew 12.6kW more than phase
L1 at a particular time during the stress test. At this point,
phase L3 was supplying almost half (29.5kW) of the total
load of 60.9kW of this feeder. For a complete hour, this phase
was also just tipping over the fuse rating of 125A (28.8kW).
This unbalance is also remarkable as the 7 EVs connected to
domestic sockets were spread over 5 neighbouring houses. One
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Fig. 1. Power measured in the three phases for feeder 2. The solid line (stress
test) shows the measured power consumption, the other lines show the mean,
minimum and maximum power consumption over the 26 days after the stress
test.
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Fig. 2. Power measured in the three phases for feeder 2 and 3 during the
stress test.

would expect that this results in a rather balanced load over
the three phases, but during the field test this proved not to
be the case. During normal circumstances, a small unbalance
occurs, but not as pronounced as seen in the field test.

With all the power electronics involved a power factor close
to 1 is expected. The measurement data shows this as well,
where a power factor of 0.98 or better is obtained during
the stress test for all the three feeders of interest. However,
this is also the case for all other evenings in the rest of the
month, so the stress test had no clear effect on the power
factor. Measurements on the transformer oil temperatures are
also conducted. As this system reacts slowly to load changes
and the peak load was not sustained very long, no change in
oil temperature is observed.

Fig. 5 show the RMS voltage magnitude for the three phases
for two measured transformers on the secondary side. There
is a voltage drop around 19:15 when the cars at the fast
charging poles start to charge. However, this level is restored
fast and might be an effect of upstream actions in the MV
grid. The same lower voltage magnitudes are also visible on
other days. Notable is transformer 2, which voltage magnitude
is 5V higher than the other two transformers to compensate
for both the feeder length and the large number of connected
customers. Furthermore, the voltage levels during the stress
test are within the minimum and maximum levels observed on
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Fig. 3. Power measured in the three phases for feeder 3. The solid line (stress
test) shows the measured power consumption, the other lines show the mean,
minimum and maximum power consumption over the 26 days after the stress
test.
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Fig. 4. Voltage measured in the three phases for transformer 2. The solid
lines show the minimum and maximum observed voltages during the stress
test. The other lines show the mean, minimum and maximum voltage over
the 26 days after the stress test.

other days. Analysis of the data also shows that no significant
voltage unbalance has occurred. The mean neutral point shift
at the transformer is 1.3V with a standard deviation of 0.21V
and rarely hits over 2V over the whole period of 27 days. The
voltage unbalance factor at the transformer is usually between
0.1% and 0.25% with a mean value of 0.183%, well within
the permissible 2% within the EN-50160 norm.

B. Household measurements

On household level, we are particularly interested in the
voltage levels and the voltage drop in the LV network. The
voltage levels in the network form the other limitation next
to the capacity of the transformer and the ampere capacity
of the cables. Serious voltage drops, potentially leading to
under voltage, are expected with all the EVs connected in the
network.

Of all meters, the lowest RMS voltage magnitude of 212.8V
is obtained at meter 64. However, this magnitude is obtained
before the actual test and analysis of data for multiple days
shows several dips as well (as low as 210V). The RMS voltage
magnitudes of meters 14 and 61 (see Fig. 8) show voltage
drops to 216.7V during the test. During the test we measured
a voltage magnitude of 215V at a domestic socket at the end
of the fourth feeder. So it can be concluded that the 207V
lower limit of the EN-50160 was not violated.
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Fig. 5. Voltage measured at the transformer for the three phases for
transformer 2 and 3 during the stress test.
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Fig. 6. Voltage measured in the three phases for transformer 3. The solid
lines show the minimum and maximum observed voltages during the stress
test. The other lines show the mean, minimum and maximum voltage over
the 26 days after the stress test.

As we focus on the voltage drop in the LV distribution grid
itself, we have to isolate the effects from the MV network.
This voltage drop in the LV grid is obtained by subtracting
the meter voltage time series from the transformer voltage
time series. For this we need to know to which transformer
and which phase a meter is connected, which is not a given in
our case as households are measured anonymously. However,
literature describes methods to retrieve this information [14]–
[16].

First, we introduce the variables used to determine to which
phase and feeder a meter is connected. Let PT,i,p(t) denote
the power consumption measurement of a feeder i on phase
p ∈ {L1, L2, L3} for time interval t. Likewise, let UT,i,p(t)
denote the RMS voltage measurement on the secondary side
of feeder i and phase p for time interval t. Let PH,j(t)
denote the measured power consumption of domestic meter
j ∈ {1, ..., 83} for time interval t. Likewise, let UH,j(t) denote
the RMS voltage magnitude measurement for these meters. For
convenient comparison with the transformer data, we resample
the measurement data to 1 minute intervals.

First we compensate the feeder power time series with the
unbalance to compensate for the neutral point displacement
which results in an additional voltage drop observed at the
household. The unbalance vector for one interval is given by:

~PTU,i(t) = PT,i,L1(t) + PT,i,L2(t)ej
2
3π + PT,i,L3(t)ej

4
3π.

The compensated power consumption for each phase is then
given by:

PTC,i,L1(t) =
∣∣∣PT,i,L1(t) + ~PTU,i(t)

∣∣∣
PTC,i,L2(t) =

∣∣∣PT,i,L2(t)ej
2
3π + ~PTU,i(t)

∣∣∣
PTC,i,L3(t) =

∣∣∣PT,i,L3(t)ej
4
3π + ~PTU,i(t)

∣∣∣ .
Secondly we determine the voltage drop between the trans-

former and the household meter:

∆Ui,p,j(t) = UT,i,p(t)− UH,j(t).

We cross-correlate 6 days (8640 samples) of measurement
data using the compensated feeder power series and the
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Fig. 7. Scatter plots with the relation between the voltage drop measured at
household meter 61 and the power measured at transformer 2 for each of the
three phases.

calculated voltage drop between one phase at one transformer
and the domestic meter. For each feeder i and phase p we
calculate the correlation coefficient with each household meter.

corr (PTC,i,p(t),∆Ui,p,j(t)) .

Using this method, we are able to determine that meter
61 is connected to feeder 2 and phase L2 with a correlation
coefficient of 0.9146 (see Table V). The scatter plot in Fig. 7
also shows a clear linear correlation between the voltage drop
and the power for this phase.

The voltage drop time series is plotted in Figure 8. The
obtained voltage drop is 17V, which is significant higher
than during the other days where it reaches 12V in a few
time intervals. The measured value of 216.7V may still be
within the bounds specified by the EN-50160, but keep in
mind that the voltage at this transformer is about 5V higher.
This already sacrifices headroom for PV panels on this feeder,
and as a matter of fact, the maximum value obtained for
meter 61 is 245V during one day in August when feeding
in. Unfortunately, we were not able to measure the voltage on
three phases at a single point during the stress test.

V. MODEL VERIFICATION

Using the measurement data, we can also verify the models
used for load-flow calculations in the TRIANA simulator [3],
which in turn will allow us to accurately study use-cases in
future simulations. For feeder 3 we have the power profile,
a network model and voltage measurement data taken from
meter 61. Furthermore we know exactly where the fast charg-
ing pole (3 × 32A) is connected in this network. During the

TABLE V
CORRELATION COEFFICIENTS FOR METER 61 AND ALL FEEDERS AND

PHASES WITH 8640 SAMPLES WITH UNBALANCE COMPENSATION

Phase
Feeder 1 2 3

1 0.3315 0.2428 0.3467
2 0.3770 0.9146 0.3004
3 0.3740 0.3721 0.2325
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Fig. 8. Voltage magnitude and drop for meter 61.

stress test, two customers created a high domestic consumption
peak of 17kW and 15kW. These customers have disclosed
their address and finding the corresponding meters according
to these peaks was possible. This results in a substantial load
(54kW of the 106kW peak) of which we know the exact
location. For each phase, the three known loads are subtracted
and we assume that the remaining power profile is evenly
distributed over the remaining customers.

The simulation results show a similar trend and voltage
drops as seen in meter 61 (see Fig. 9). Due to the assumptions
made, we see a more smooth behaviour in the simulation
results. These are related to a near perfect spread of most load
in the length of this feeder. The maximum absolute deviation
from the measurements is 5.2V and the average error is 0.05V
with a standard deviation of 1.16V. As we do not know where
meter 61 is located, we cannot fully validate the simulation
results. However, based on the previous analysis we could
do a good estimation. In the worst case (when this meter is
physically located at the end of the feeder) the simulation is off
by 2V during the peak around 20:00. The simulation reports a
bigger voltage drop in this case. Other nodes in the simulation
show a similar trend, but then linearly scaled. Note that the
model does not incorporate the effects of temperature, depth
and surface type, which can result in this voltage error.

VI. DISCUSSION

During the stress test we have seen a significant unbalance
in all feeders despite the efforts to spread the loads over
the households, which usually should lead to a rather good
spread over the three phases. This also results in overloading
certain phases slightly, whilst other phases still have capacity
left to host more EVs. With power consumption peaks as
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Fig. 9. Voltage magnitude measured at meter 61 and in the simulation.



high as 106kW, the transformer capacity will also impose
a limitation when all feeders connected to a transformer are
loaded like this. In our case, only 1 of the 5 feeders connected
to transformer 2 was stressed. For transformer 3, 2 of the
8 feeders were stressed. Voltage levels at households also
showed a significant drop, but were not alarming whilst the
second feeder in the field test is relatively weak. From the
stress test we can conclude that an EV penetration of around
15%-20% (with one fast charger) can bring these networks
to the edge of their capacity. Herein, the capacity of the
grid assets is the main limiting factor. Firstly, protection of
the assets requires analysis to see if higher currents can be
allowed, resulting in a higher hosting capacity. Secondly,
analysis on both the installed capacity and expected voltage
drop has to be conducted, to find which of those two is the
limiting factor. For the stressed networks in this field test, the
capacity seems to be the main limiting factor rather than the
voltage levels.

VII. CONCLUSIONS

We have evaluated the results of a stress test with a high
penetration of EVs in this paper. We show that this stress test
resulted in a significant rise in peak consumption (up to 2.2
times higher) and significant voltage drops (up to 17V). The
observed peak is not far off from what can be expected when
the Dutch target of 1 million EVs and PHEVs is reached in
2025. From the measurements conducted, it can be concluded
that we got close to the capacity limits of certain network
assets during the stress test. Although significant voltage drops
were obtained, the current that can be allowed seems to be
the main limiting factor. It is therefore questionable whether
less strict voltage regulations, as currently discussed, will
bring more hosting capacity for EVs. DSM seems to be more
appropriate to utilize the offered flexibility by the EVs and
PHEVs to mitigate the problems which arise with a high
penetration of EVs.

Another important implication is the observed unbalance,
resulting in the risk that a significant part of the network
capacity may be left unused. Therefore it is advised to take
more care of properly spreading loads over the three phases.
By using a clever distribution of loads over the phases, balance
over the three phases can be restored, resulting in a significant
higher hosting capacity for demanding loads in a feeder. This
is achievable with only some guidelines and bookkeeping
instead of smart grid technologies.

VIII. FUTURE WORK

A second stress test, with DSM installed, will be conducted
in the future to test whether DSM is indeed capable of ensuring
grid stability, reducing load on assets and improving power
quality. Two additional fast chargers have been installed for
this second field test and the installation of a V2G charger is
planned as well. With yet two additional fast charger points at
our disposal it is of importance to keep the balance between
the three phases to use the full potential of the network as
we reached the limits in the stress test presented in this paper.
Both congestion management and energy balancing algorithms

will be tested. In this next field test we will also continuously
measure the end of the feeder to determine the effects of
neutral point shifting and the effects of EV charging on power
quality aspects (such as harmonic distortion).
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